-methylenetetrahydrofolate (mTHF) (crystals B and C, both belonging to the space group C 2 2 21, each with a single monomer in ASU, measured to resolution of 1.35 Å and 1.17 Å , respectively). Whereas crystal A-based structure revealed the mTS-N 4 -OH-dCMP binary complex, as expected, crystals B-and C-based structures showed the enzyme to be involved in a ternary complex with N 4 -OH-dCMP and noncovalently bound dihydrofolate (DHF), instead of expected mTHF, suggesting the inhibition to be a consequence of an abortive enzyme-catalyzed reaction, involving a transfer of the onecarbon group to a hitherto unknown site and oxidation of THF to DHF. Moreover, both C(5) and C(6) inhibitor atoms showed sp 3 hybridization, suggesting C(5) reduction, with no apparent indication of C(5) proton release. In accordance with our previous results, in all subunits of these structures the inhibitor molecule was identified as the anti rotamer of imino tautomer, forming, similar to deoxyuridine monophosphate, two hydrogen bonds with a conservative asparagine (mouse Asn220) side chain.
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Introduction
Thymidylate synthase (TS; EC 2.1.1.45), a target in chemotherapy, catalyzes the conversion of deoxyuridine monophosphate (dUMP) and N 5, 10 -methylenetetrahydrofolate (mTHF) to deoxythymidine monophosphate (dTMP) and dihydrofolate (DHF) via reductive methylation, in which mTHF serves as both methyl donor and reducing agent [1] . N 4 -hydroxy-dCMP (N 4 -OH-dCMP) is a substrate analog, reported to inhibit the enzyme from bacterial, avian and mammalian sources, as well as from certain helminths; inhibition is found to be competitive with respect to dUMP, time-and mTHF-dependent, and accompanied by formation of a ternary complex, N 4 -hydroxydCMP-mTHF-enzyme, with apparently differing interactions between the low-molecular weight components and each of the two enzyme subunits [2 -6] . Similar to FdUMP, incubated with the cofactor and the enzyme N H abstraction from the uracil ring C(5) was not apparent, suggesting the reaction to be inhibited at an earlier stage than with FdUMP. In solution the equilibrium between rotamers ( Figure 1 ) around the C 4 -N 4 bond is significantly shifted towards syn rotamer [relative to pyrimidine N(3)] [7, 8] , but surprisingly only the anti isomer appeared to be the active inhibitor form [4] . To learn more about the inhibition mechanism, structural studies of TS complexes with N 4 -OH-dCMP were undertaken.
Materials and methods

Crystallization and data collection
Mouse TS (mTS) recombinant protein, overexpressed and purifi ed as previously described [9] , was dialyzed against 5 mM Tris HCl buff er, pH 7.5, containing 5 mM DTT and then concentrated using Amicon Centricon centrifugal fi lter. Crystals were grown by the vapor diff usion method in hanging drops at approximately 4 ° C (crystal A)/7 ° C (crystals B and C) at the following conditions. For two-molecules complex of mTS with N 4 -hydroxy-dCMP, a drop of protein solution of 30 mg/mL concentration containing inhibitor of 6 mM was mixed 1:1 with well solution (0.1 M Mes pH 6.5; 0.2 M MgAcetate; 13.5% PEG 8000) and allowed to equilibrate with 0.5 mL of well solution. In the case of crystals B and C, equal volumes of protein solution of 16.3 mg/mL concentration and well solution were mixed and allowed to equilibrate with 0.5 mL of well solution, containing 0.1 M Mes, pH 6.5/crystal B or pH 6.7/crystal C; 0.06 M MgAcetate and 16% (w/v) PEG 8000.
X-ray diff raction data were collected from single fl ash-frozen crystals (A, B and C) at the Bessy Synchrotron using X-rays of 0.918 Å wavelength.
Data processing: structure determination and refinement
Data were processed with Denzo and Scalepack [10] . The crystal A-based structure was determined by refi ning the model of mTS complexed with SO4 2 -(PDB ID: 3IHI) relative to the new data. In the case of crystal B, the structure was determined by molecular replacement carried out with the Phaser from CCP4 package [11] , using the model of mTS-N 4 -hydroxy-dCMP as the search model. The crystal C-based structure was determined by refi ning the model of crystal B-based structure with respect to the new data.
The correctness of these structures was evaluated using Sfcheck and Procheck from the CCP4 suite. Some X-ray data and model refi nement parameters are summarized in Table 1 .
Results and discussion
Structures of three mTS complexes with the inhibitor were solved, based on crystals formed by the enzyme protein in the presence of either only N glutamate α -carboxylic group and the side chain of Lys 71 (not shown). This H-bond confirms the postulated role of Lys 71 in the binding of the cofactor molecule [15] . Surprisingly, the electron density in the mTS-N 4 -OH-dCMP-DHF structure indicates the presence of noncovalently bound DHF, instead of expected mTHF (present in the crystallization buffer), suggesting the inhibition to be a consequence of an abortive enzyme-catalyzed reaction, involving a transfer of the one-carbon group to a hitherto unknown site and oxidation of tetrahydrofolate (THF) to DHF. Moreover, both C(5) and C(6) inhibitor atoms showed sp3 hybridization (cf. [3] ), suggesting C(5) reduction and no Figure  4 . The C α RMSD between both structures is 0.603 Å for subunits A and 0.449 Å for subunits B of the dimeric mTS protein. The most pronounced differences concern the C-terminus (residues Met 305, Ala 306 and Val 307) that is largely shifted in the ternary compared to binary complex, thus contributing to the active site closing. The other differences concern regions adjacent to the active site cleft. In the ternary compared to binary complex, some neighboring residues extend to the inside of the cleft, causing its narrowing (e.g., residues Leu 186, Phe 111, Leu 115) and/or stabilizing the hydrophobic para -aminobenzoic acid ring of the DHF molecule (residues Leu 215, Phe 219, Ile 102). Further stabilization of the position of the DHF molecule is provided with water-mediated hydrogen bonding connecting the N1, N2 and N3 atoms of the cofactor pterine ring with protein residues of Asp 212, Ala 306 and Arg 44 ( Figure 5 ). -OH-dCMP-DHF, preserve, although in slightly different ways, all " conservative " hydrogen bonds formed between the protein and substrate (dUMP) [9] . The latter may explain the distinct preference (exerted in both the binary and ternary complexes) of the mTS protein for binding of the rarely populated anti rotameric form of the N 4 -OH-dCMP molecule.
